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TALBOT—TESTS OF CONCRETE COLUMNS 8 
I. INTRODUCTION 


J. Preliminary.—Columns form an important element in re- 
inforced concrete building construction. Many tests have been 
made on cubes and short prisms to determine the compressive 
strength of concrete. The method of making the test pieces and 
the conditions entering into the tests, as compared with the fabri- 
cation and testing of columns, do not permit the results of such 
tests to be taken as representative of the strength of concrete 
columns, the cubes generally having a stronger and more uniform 
concrete and the restraint of the bearing plates giving a higher 
relative load. Comparatively few tests have been made on col- 
umns, either plain or reinforced, and many of these, because of 
variation in material or age at test or other elements of strength, 
do not furnish data for comparison orconclusion. The tests herein 
recorded were madeas a preliminary series, to open up the field 
for further experimentation here, and hence were not considered 
to be complete or to give full data or to follow in all respects the 
most approved methods of design, construction and testing. Itis 
hoped, however, that the data and discussion will contribute some- 
what to the knowledge of the strength and behavior of plain and 
reinforced concrete columns and perhaps serve to warn construct- 
ors against the use of high working stresses for columns con- 
structed under ordinary working conditions and with concrete of 
moderate quality. 

2. Scope of Bulletin.—Both plain and reinforced columns were 
tested. The reinforcement consisted of longitudinal rods. For 
part of the columns ties were carried around the reinforcing rods. 
to hold them in place. Not only was the strength of the columns 
obtained, but the proportion taken by the concrete and by the 
steel has been estimated by means of the observed relation be- 
tween the applied load and the resulting shortening of the column 
and through the use of the analysis herein given. This stress- 
deformation relation has also been utilized to determine other 
properties of the columns. Formulas for reinforced columns are 
given, and the constants to be used are discussed. As bearing on 
this, a discussion is made of the basis for factor of safety and 
working stress for plastic materials such as concrete under the 
conditions of the distribution and application of load to be found 
in columns. To permit a comparison to be made with the results 
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of other tests, a summary of the results of a series of column tests 
at Watertown Arsenal] is included. It is felt that this comparison 
is a valuable addition. 

8. Acknowledgment.—The investigation was made in the Lab- 
oratory of Applied Mechanics of the University of Illinois as a 
part of the work of the University of Illinois Engineering Experi- 
ment Station. The work of making the tests on the columns, cubes, 
and cylinders was done principally as thesis work by Ralph Corson 
Llewellyn, a senior student in architectural engineering, class of 
06. Mr. Llewellyn is entitled to much credit for the intelligent 
thought and diligent care which he gave to the work, and much of 
the trustworthiness of the results is due to him. The review of 
the tests which he gave in the thesis was also quite creditable. 
Immediate supervision of the work of making the columns and of 
conducting the tests was given by D. A. Abrams, Assistant in the 
Engineering Experiment Station, whose aid in this and in inter- 
preting the results has added much to the value of the work. 
Acknowledgment is also made to W. R. Robinson, Assistant in 
the Engineering Experiment Station, for valuable aid in the pre- 
paration of this bulletin. 

The following division of the subject matter of the bulletin 
has been made: I. Introduction; II. Materials, Test Pieces and 
Method of Testing; III. Experimental Data and Discussion. 


II. MATERIALS, TEST PIECES AND METHOD OF TESTING 


4. Materials.—The materials used in making the columns were 
similar to the building materials ordinarily used in concrete con- 
struction in the middle west. The sand, stone and cement were 
obtained in the open market. 

Stone.—The stone was crushed limestone from Kankakee, 
Illinois. It was ordered to pass over a 4-in. screen and through a 
l-in. screen. Tests showed 54% voids, as found by pouring the 
stone slowly into water. The stone was nearly pure limestone, 
somewhat soft in quality. 

Sand.—The sand was of good quality, well graded, sharp 

-and fairly clean.. It came from deposits near the Wabash river 
at Attica, Indiana. An average of five determinations showed it 
to contain 28% voids. The result of the mechanical analysis is 
given in Table 1. 
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TABLE 1. 


MECHANICAL ANALYSIS OF SAND. 


Diameter of Mesh 


Sieve No. inches | Per cent Passing 
4 | 100.0 
10 096 73.0 
20 -040 36.0 
50 .019 16.0 
74 O11 5.0 
100 2.0 


Cement.—Chicago AA portland cement was used for all the 
tests. It was bought from a local dealer. Table 2 gives the 


TABLE 2. 


TENSILE STRENGTH OF CEMENT. 


Ultimate Strength, Ib. per. sq. in. ; 
i Age Days Age 2 Days 
Neat 1-3 Mortar | Neat 1-3 Mortar 
uh 634 283 | 890 | 443 
2 717 281 916 440 
3 732 275 | 840 442 
es 687 217 942 365 
o | 580 206 872 352 
6 731 189 885 
AV 680 242 | 892 | 4.()4 


strength of standard briquettes of neat cement and of 1-3 mortar 
for age of 7 and 60 days. 

Concrete.—Men skilled in mixing concrete were employed, 
and an effort was made to have the different batches of a uniform 
quality. All of the concrete was made of the proportions 1 of 
cement, 2 of sand, 32 of stone, measured by loose volume. It was 
intended to use a 1-2-4 mixture, but the large percentage of voids 
made it seem desirable to increase the amount of mortar. The 
concrete will, however, generally be referred to asa 1-2-4 mixture. 
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The mixing was done with shovels by hand. The sand and ce- 
ment were first mixed together dry. The stone was then added 
and the mass turned several times with the shovels. When thor- 
oughly mixed, water was added and the whole mass turned until 
uniform in appearance. A fairly wet mixture, as indicated fur- 
ther in the description of the making of the columns, was used, as 
this could be tamped into the forms to better advantage. The 
average weight of the concrete at the time of testing, figured from 
the weight of the cubes, was about 147 lb. per cu. ft. 

Steel.—The reinforcement used in the columns consisted of 
plain round mild steel bars. It was furnished by the Illinois 
Steel Company and was an even grade of open hearth steel. 
Vertical rods, #-in. in diameter were used in the 12-in. columns 
and rods 2-in. in diameter in the 9-in. columns. All ties were 
made of 4-in. round rods. The yield point of the steel averaged 
89,800 lb. per sq. in., the ultimate strength averaged 59,200 lb. per 


TABLE 3. 
TENSION TESTS OF STEEL USED IN COLUMNS. 
Average Values. 


mM 
oa 
g al . 
S Per cent Yield pare Yield Ultimate 
te Elongation Point ond Point | Strength 
8 g in 8 in. pounds pounds lb. per sq. in. | lb. per sq. in. 
A - 
i | sey 312 17600 26230 39750 59200 
2 .618 32.4 11850 17850 39500 59500 
3 7151 30.9 18100 27280 | 40870 62000 
Gale 622, 30.1 11770 17710 38650 58300 
eee 32.2 17640 25530 40030 58000 
10 .623 31.8 12070 17920 39280 58820 
TOL A), oes 30.6 18480 26780 41820 60520 
12 628 31.8 12050 17800 37070 58470 
14 -619 29.1 11900 18350 39450 60820 
16 .623 30.6 11030 17460 39470 58100 ~ 
17 .625 31.5 12130 17900 39500 58350 
i ee Re ek 39800 59200 


sq. in., and the elongation in eight inches averaged 80.9 %. 
Table 3 shows the results of the tests of steel used in the columns. 
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5. Test Specimens.—In making the test specimens, the effort 
was made to have the conditions of fabrication as nearly as pos- 
sible the same in every case. In general two specimens of each 
kind were made, so that one would act as a check upon the other. 
Three types of specimens were made,—(a) cubes, (b) cylinders 
and (c) columns, the concrete for all being of the 1-2-3? mixture 
described above. Data for the test specimens are givenin Table 4. 

(a) Cubes.—17 cubes were tested, all of 12-in. edge. They 
were generally made in pairs, the concrete being taken from the 
mix used in the columns of corresponding number. The concrete 
for the cubes was taken from the middle of. the batch, and is 
thought to be representative. In the case of columns mixed in 
two batches one cube was made from each batch. The concrete 
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Fic. 1. FORMS FOR COLUMNS AND CYLINDERS. 


was well tamped into the forms, and was troweled around the 
sides with a bricklayer’s trowel to insure a good surface on the 
cubes. The conditions of storage were the same for the cubes 
as for_the columns, the forms being taken off of correspondingly 
numbered specimens at the same time. 
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TABLE 4. 
List OF TEST SPECIMENS. 


Columns 


| Minor Specimens 
Reinforcement 
S Nominal | Area of Area 
fs Size Cross- ' Cubes | Cylinders 
%S |jin.xin.x ft.| section : aes 
Ss) Spline Kind ‘ per 
sq. in.) cont 
1 | 12x12x12 147.4 | 42-in. rods | 1.77 | 1.20 
2 9x 9x12 80.6 | 4—8-in. rods | 1.23 | 1.52 | Cube 2, 
| Cube 2, 
3 | 12x12x12 | 146.2) | 4 = 2s-indtodsalel an) lot 
12—+-in. ties 
AZAN OX IO XZ 182.0 | Plain 0. 0. Cube 4 
5 | 12x12x12 | 146.4 | Plain 0. | 0. . | Cube 5,| Cylinder 5 
| Cube 5, 
-6 | 9x 9x12 | 80.9 | 4~§-in. rods | 1.23 | 1.52 
1 | 12x12x12 | ~145:5 | 4—#inrods | 4.77 | 1.21) Cube 7, | 
| | Cube 7, 
8 9x 9x12 80.8 Plain 0. 0. 
G) |! abe Ped 146.6 Plain 0. 0. Cylinder 9 
10 9x 9x12 82.0 | 4--§-in. rods | 1.23 | 1.50 |Cube 10,}| Cylinder 10, 
\12—-1-in. ties Cube 10.| Cylinder 10, 
Val Dexa Doxc'2 145.2 | 4-%-in. rods | 1.77 | 1.21 |Cube 11, 
|\12—2-in. ties Cube 11, 
12 9x 9x 9 | 82.7 | 4—8-in. rods | 1.23 | 1.48 Cylinder 12, 
9—+1-in. ties | Cylinder 12, 
13 | 12xl2x12 | 148.8 Plain 0. ‘ Cylinder 13 
14 | 9x 9x12 | 82.0 | 4-$-in. rods | 1.28 | 1.50 
12—+-in. ties 
15 | 12x12x 6 | 148.0 Plain 0. 0. |Cube 15, 
Cube 15, 
16 ee Okc ©) 82.5 | 4—8-in. rods | 1.23 | 1.49 |Cube 16,| Cylinder 16, 
9—t-in. ties Cube 16,} Cylinder 16, 
17 9x 9x 6 83.6 | 4—8-in. rods | 1.23 | 1.47 
18 9x 9x 6 | 83.6 Plain 0. 0 


' *No. 4 was accidentally shattered in placing in machine and is not further considered. 
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(b) Cylinders.—Only 9 cylinders were tested. They were 
8 in. in diameter and 16 in. long, and were made in the wrought 
iron forms shown in Fig. 1. They were made from the same con- 
crete as the columns of corresponding numbers, and were treated 
in the same manner as the columns and cubes. 
(c) Columns.—Three series of columns were made, one of 
plain concrete with no reinforcement, one reinforced with 
vertical rods in the corners only, and one reinforced with vertical 
rods in the corners tied together by ties of +-in. rods every 12 in. 
in height. All columns were made square in cross-section, two 
sizes being used,"9 in. and 12 in. Three lengths of columns were 
used,—6, 9 and 12 ft. The sizes and arrangement of the steel are 
shown in Fig. 2. 
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Fic. 2. ARRANGEMENT OF REINFORCEMENT. 


The ties were made by bending 4-in. steel rods while cold 
about a suitable form. ‘The vertical rods were in all cases cut 1 
in. shorter than the finished length of the column, it being in- 
tended to have 4 in. of concrete over the rods at each end. In 
some cases, however, the rods settled before the concrete set until 
the end was found flush with the bottom of the column. 

6. Forms for Columns.—The forms for the columns were made 
of 2-in. pine plank, planed on both sides. Drawings of the forms 


10 ILLINOIS ENGINEERING EXPERIMENT STATION 


for the 12-in. columns are shown in Fig. 1, which are also typical 
of the forms for the 9-in. columns. Three sides of the forms were 
made of continuous pieces for the full height of the column, while 
the fourth side was made up of 2-ft. lengths. The forms were 
held together with braces of 2-in. x 4-in. pieces and $-in. bolts. 
Wedges were used to adjust the form to the correct width and to 
hold it while the concrete was put in. It will be noticed that all 
parts of the forms are reversible, so that the sides can be turned 
over if they become warped through use. Three forms each were 
made for the 9-in. and the 12-in. columns, this number being suffi- 
cient to allow the forms to remain on the columns about two weeks 
before being needed for other specimens. 

7. Making of Columns.—The forms were soaked in water 
for a few days before being setup. This kept the wood from 
drawing very much water out of the concrete and also decreased 
the tendency of the forms to warp. For the reinforced columns, 
the rods were put in place and fastened by temporary wooden 
blocks before any concrete was put in, the blocks being removed 
as the concrete was put into the forms. The concrete for the 
12-in. x 12-in. x 12-ft. columns was mixed in two batches, care 
being taken to have both as nearly alike as possible. For all 
other columns, the concrete was mixed in one batch. The con- 
crete was put in in 6-in. layers, each layer being thoroughly 
tamped or churned, troweled around the sides to improve the sur- 
face, and then tamped again. The consistency of the mixture 
was such that with a 4-in., 10-lb. tamper, efforts at tamping gen- 
erally resulted in churning the mass, and water was constantly 
present on the top. When the column had been built up to the 
top of the first 2-ft. section of the open face of the form, another 
2-ft. section was added, and the process carried on without inter- 
mission until the column was complete. In the columns with ties, 
the ties were placed 12-in. apart, as the concrete was filled in, the 
first tie being always 6-in. from the bottom of the column. 

8. Storage of Columns-—The forms were allowed in most cases 
to remain on the columns for a period of 14 days after making. 
Nothing other than this was done to protect the surface of the 
columns from drying out too rapidly in the air. The temperature 
of the laboratory in which the columns were made ranged from 
60° F’. to 70° F. The forms protected the columns enough to pre- 
vent the warmer air at the top of the room from affecting the re- 
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sults of the tests to any great extent. The columns were not moved 
from the vertical position in which they were made until they 
were tested. It was intended to test each specimen at the age of 
60 days but owing to a delay in receiving some of the instruments, 
the general age of the specimens was somewhat greater than this. 

9. Summary of Test Pieces.—Table 4 gives a list of all the 
test specimens made, together with the size, and amount and kind 
of reinforcement. Specimens having corresponding numbers were 
made from the same batches of concrete. Columns 17 and 18 
were not made with the same care as the other test specimens, 
being intended for 80-day preliminary tests, but finally were used 
at about the same age as the other columns. 

10. Testing Machines Used.—The machine used in testing the 
columns and cubes was a Riehlé vertical screw machine with a 
capacity of 600,000 pounds. Because of its design, it was admir- 
ably adapted to carrying on the tests described here. The verti- 
cal screws are 36 inches apart, and a guide frame prevents any 
lateral movement of the head. The machine has six speeds, of 
which only the slowest, .05 inches per minute, was used in these 
tests. The frontispiece shows the machine, the scale case and 
controlling levers, and also a column in position for testing. The 
cylinders were tested on a 100,000-lb. Riehlé testing machine. 
The slowest speed of the machine, 0.1 inches per minute, was used 
for the tests. 

11. Method of Setting Specimens in Machine.—Cubes.—The 
cubes were set in the machine in plaster of paris in a manner simi- 
lar to that which will be described for the columns. Pieces of 
building paper were placed between the plaster and the bearing 
blocks of the machine to protect the latter. 

Cylinders.—The cylinders were set in plaster and in addition 
a bearing block having two spherical surfaces of contact was 
placed above the specimen. 

Columns.—The columns, when ready to be tested, were moved 
from the place where they were made to the machine by means of 
a four-legged crane, built especially for moving beams in the lab- 
oratory. This crane was high enough so that the columns could 
be raised vertically off of the floor by a block and tackle at one end 
of the crane. The tackle was fastened to a rope looped around 
the column slightly above its center of gravity, the top of the col- 
umn being steadied by ropes tied to the top of the crane. After 
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being wheeled to the machine in this almost vertical position, two 
tackles on the machine were attached to opposite faces of the col- 
umn nearthe top. Thecolumn could then be swung directly over 
the bearing block on the weighing table of the machine. A thin 
layer of rather slow-setting plaster of paris was then spread upon 
the bearing plate and the column lowered to a bearing in the plast- 
er. Care was taken that the column was directly in the center of the 
machine and that it was plumb. The column was held in the pro- 
per position until the plaster bearing had set, after which the 
tackles were removed and a layer of plaster applied to the top of 
the column. The head of the machine was run down on this 
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plaster which was allowed to set under a load of several thousand 
pounds. A piece of galvanized sheet iron was used between the 
column and the pulling head of the machine to protect the latter 
from the plaster. This method of setting the columns in plaster 
assists in giving a uniform bearing over the entire area of the 
specimen. 
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12. Measuring Devices.—The shortenings or longitudinal de- 
formations of the columns were read by means of an extensome- 
ter especially devised for these tests. (See Fig. 8). The exten- 
someters were so arranged as to indicate the deformation in the 
center of each face of the column. The dials were arranged in 
pairs, those on opposite faces of the column being on the same 
yoke. The yokes were fastened to the column by means of four 
contact points, two on each opposite face. These contact points 
were 9 inches apart for the 12-in. and 6 inches apart for the 9- 
in. columns and were placed symmetrically with regard to the 
center line of the column. -The two yokes carrying the dials were 
7oP 
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placed 8 inches apart at the bottom of the column, while the yokes 
carrying the corresponding extensometer bars were placed in a 
similar position at the top of the column. The gauged length was 
usually about 12 inches less than the length of the column. The 
extensometer bars were made of seasoned maple with steel blades 
at the ends to make contact with the rollers of the dials, which 
were so arranged that the blades of the extensometer bars could 
be held against the rollers by means of rubber bands. ‘The 
dials, which were 42 inches in diameter, read to ten-thousandths 


14 ILLINOIS ENGINEERING EXPERIMENT STATION 
TABLE 5. 
SUMMARY OF COLUMN TESTS. 
Reinforcement Maximum Load 
Pay Resear s eins 
a | in. 48°] wm of Failure 
£ ae per | Total Ib. per el in.| gays anner 7 
s) cent | pounds Gross Section 
| 
1 | 4-8-in. rods | 1.20 | 234000 1587 71 |Crushed on one side, 
4 ft. from bottom 
2 | 4—8-in. rods | 1.52 | 127000 1577 69 |Crushed out near top 
3 | 4--8-in. rods | 1.21 | 272000 1862 71 |Crushed out 1 ft. from 
12—1-in. ties bottom. Rods final- 
ly buckled 
5 |Plain 0. 250200 1710 69 |Crushed and sheared 
e diagonally, 14 ft. be- 
low top 
6 | 4—8-in. rods | 1.52 | 129400 1600 70 |Crushed out 1 ft. from 
bottom. Rods finally 
buckled 
7 | 48-in. rods | 1.21 | 269000 1850 65 |Crushed and sheared 
5 ft. from bottom 
Plain 0. 162000 2004 64 |Top sheared off 
Plain 0 236000 1610 65 |Crushed and sheared 
off at top 
10 | 4—8-in. rods | 1.50 | 105000 1280 65 |Crushed out 1 ft. from 
12—1-in. ties ‘ bottom. Rods finally 
buckled 
11 | 4—#-in. rods | 1.21 | 281200 1986 65 |Crushed 14 ft. from 
12—+-in. ties top 
12 | 4 -8-in. rods | 1.48 | 193100 2335 66 |Crushed 1 ft. below 
9—1-in. ties top 
13 |Plain 0. 254000 1709 61 |Crushed in middle of 
length 
14 | 48-in. rods | 1.50} 112000 1367 63 |Crushed 14 ft. below 
12—1-in. ties top 
15 |Plain 0. 176000 1189 63 |Crushed 1 ft. from top 
1G y 4-§-In. rods 1.49 | 132500 1607 59 |Crushed at center 
9—+-in. ties Rods finally buckled 
17 | 4—-in. rods | 1.47 | 184400 2206 67 |Crushed1 ft. from top. 
: Rods finally buckled 
18 |Plain 0. 90300 1079 65 |Crushed 1 ft. below top 
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ofan inch. A clearer idea of the extensometers and method of 
using them may be obtained from Fig. 4 and also from the vari- 
ous photographs of the tests. Usually two men were engaged in 
taking the readings. 

The lateral deflections of some of the columns were measured 
roughly by means of a thread and scale, fastened on the column as 
shown in Fig. 4. These readings were used only as a check on 
the way the column was deflecting. 

13. Application of the Load.—In testing the columns, the load 
was applied in increments of about 10,000 pounds, the operator 
holding the load and the observers taking the readings about 30 
seconds after the load was attained. The machine speed was .05 
inches per minute. In six columns the load was increased pro- 
gressively until failure occurred. In ten the load was released at 
one-third to two-thirds of the ultimate, and then reapplied. In 
one the load was released twice. 


Ill. EXPERIMENTAL DATA AND DISCUSSION 


14. Column Test Data.—Table5 gives data of the age of test, 
maximum load on column, and manner of failure. The propor- 
tion of the load taken by the concrete and by the steel is consid- 
ered in a succeeding paragraph. 

15. Phenomena of the Column Tests.—Most of the columns 
failed in either the top or bottom third of the length, only three 
failing at or near the center. Ten failed in the top third and four 
in the bottom third. The numerous failures near the top may 
possibly be due to drying out of the top of the columns, or more 
probably to the naturally greater porosity of the concrete there. 

In most cases, little warning in the way of cracks or sounds 
was given before the maximum load was reached. Five of the col- 
umns, all reinforced ones, gave warning by noises or vertical 
cracks slightly before the concrete sustained the maximum stress. 
Eight columns, including all the plain ones, showed no sign of 
failure until the maximum load on the concrete was reached. The 
remaining four showed first sign of failure after reaching the 
maximum stress in the concrete but before the maximum load 
taken by the column as a whole was attained. 

The plain columns failed suddenly, an explosive noise some- 
times accompanying the crushing. The failure of the reinforced 
columns was usually first indicated by vertical hair cracks after 
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which the column commenced to bulge at the point of failure. 
Since in practically every failure the reinforcing rods buckled, it 
would seem at first thought that the failure was caused by a lat- 
eral deflection of the rods, resulting in splitting of the concrete 
outside the reinforcement, but in the discussion of the observa- 
tions it will be shown that this buckling occurred after the failure 
of the concrete. 

The following notes show the principal features of the tests 
of individual columns: 

Column No. 1. At about the maximum load fine cracks ap- 
peared on one face 4 ft. above the bottom and soon spread to the 
adjoining face, but no crack appeared on the opposite face. 
Failure occurred at this point. Fig. 5 shows the appearance of the 
cracks on the face first showing sign of failure. At the maximum 
load the column deflected laterally at the middle of its length 0.22 
in. in a direction away from the face on which failure first showed. 
This column gave the greatest lateral deflection measured, the 
next highest being only one-third as much. Ata load of 167,000 
Ib. (1132 lb. per sq. in.) hair cracks appeared at the top of the col- 
umn but these did not develop further. With the continued ap- 
plication of the load after the maximum had been reached, the 
concrete broke out, accompanied finally by buckling of the rein- 
forcing rods. 
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Column No. 2. Failed by crushing at top, the first Beale ap- 
pearing near one corner atthe maximum load. Failure occurred 
immediately. A few cracks had appeared at the bottom of the 
column but these did not develop further. It would appear that 
the top end was weaker than the remainder of the column. 

Column No. 8. Failed by crushing at a point 12 inches above 
the.bottom at the maximum load. With continued application, 
all vertical rods buckled between the two ties. Fig. 5 shows the 
final condition at the point of failure. 
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Column No. 4. This column was accidentally broken in set- 
ting it in the machine. It is not considered in this report. 

Column No. 5. Failed at maximum load by crushing and 
shearing off completely on a diagonal line. No warning cracks 
appeared before maximum load was reached. The shearing plane 
extended from a point 9 in. below the top onone face to 2 ft. 5 in. 
on the opposite face. 

Column No. 6. In this column the reinforcing rods extended 
through to the bottom of the concrete and thus had a direct bear- 
ing on the bed of the machine. The first crack appeared just be- 
fore the maximum load taken by the concrete was reached. Fail- 
ure occurred by compression of the concrete 12 in. above the base, 
and with continued application of the load the rods buckled at this 
point. 

Column No. 7. Failed by compression of the concrete at a 
point about 5 ft. above the base, followed a little later by buck- 
ling of the rods. With continued application of a load nearly as 
great, the column finally sheared off diagonally with a loud ex- 
plosive noise to a point 2 ft. 6 in. above the base. Fig. 6 shows 
the manner of failure. The greatest lateral deflection was 0.05 in. 

Column No. 8. Failed without warning cracks by crushing 
at the top and shearing diagonally to a point 2 ft. 4 in. below. 

Column No. 9. Failed without warning cracks and without 
noise by crushing diagonally about 18 inches below the top. Fig. 
5 shows two faces. 

Column No. 10. Failed by crushing out between the bottom 
two ties, 12 in. from the base. The concrete broke out near the 
vertical rod on one corner. This rod was found to rest directly 
upon the bed of the machine at the completion of the test. The 
lateral deflection was .02 in. Fig. 5 shows one face after failure. 

Column No. 11. A corner was knocked off of the top of the 
column for a distance of 24 in. each way while setting it in the 
machine. Failure occurred by crushing between upper two ties 
16 in. below the top after the maximum stress on the concrete had 
been passed. The lateral deflection was .07 in. 

Column No. 12. Failed by crushing between upper two ties 
13 in. below the top. First crack appeared at maximum load on 
the column, after the maximum stress on the concrete had been 
passed. Crackling sounds were heard at 2,275 lb. per sq. in. 
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Column No. 13. Failed by crushing nearly squarely across 
at the center of the height of the column. Vertical cracks 
extended half the length of the column. No cracks appeared 
before maximum load was reached. 

Column No. 14. Failed by crushing at from 12 to 22 in. below 
the top. With continued application of the load the rods buckled 
between the top two ties. Maximum lateral deflection of column 
was .02 in. 


TABLE 6. 


TESTS OF CUBES AND CYLINDERS. 


Cubes Cylinders 
Maximum Load Maximum Load 
Age Age 

r at at 

No. Test Total : No. Test Total ; 

days | pounds |b. per sq. in. days | pounds lb. per sq. in. 

2a 67 282400 1970 5 68 85600 1758 
Wes 67 280000 1954 9 59 55000 1112 
Dy 61 333100 2314 10, 80 52000 1068 
5e 61 368700 2572 10, 80 61000 1233 
ie 69 256500 1790 12; 78 | 100320 2088 
16 70 383000 2672 1g, 80 95000 1920 

10, 64 273100 1897 16, 69 75500 1525 

10, 76 332500 2308 16, 69 59100 1212 

ial 15 353500 2453 

inh 15 337000 2340 

15, 67 282400 1970 

15, 67 280000 1954 

16, 66 305100 2090 | 

16, 66 348000 2417 

18, 39 213000 1472 

Ge 39 223400 1550 

IXNG.. || to cneeaceica peene eee PAU Monon 6 | basickaa eae | U reuarareraceset 1490 


Column No. 15. Failed by crushing at about 12 in. from the 
top, vertical cracks appearing on all sides when maximum load 
was reached. No cracks appeared previously. 

Column No. 16. Failed by crushing near the center of the 
length of the column, the first crack appearing just before the 
maximum load on the column, and some time after the max-_ 
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imum stress in the concrete had been reached. With further 
application of the load vertical rods buckled between three suc- 
cessive ties. 
Column No. 17. Failed by crushing at maximum load 12 in. 
below the top. Rods finally buckled between top two ties. 
Column No. 18. Failed by crushing at maximum load 12 in. 
below top. This column showed poor concrete. ; 
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16. Cube and Cylinder Test Data.—Table 6 gives data of the 
age at test and of the compressive strength of the cubes and cyl- 
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inders which were made from the same batches of concrete as the 
corresponding columns. Reference to the strength of the con- 
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crete in the columns given in Tables 7 and8 shows that the cubes. 
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and cylinders correspond to the weaker rather than to the stronger 
columns. 

17. Stress-deformation Diagrams.—In Fig. 13 to 29, following 
the text, and in the sample figures (Fig. 7 and Fig. 8) given in 
the text, the stress-deformation diagrams represent the observed 
loads and the corresponding deformations or shortenings for the 
columns tested. The ordinates (vertical distances on the diagram) 
represent the loads or pressure per square inch on the columns. 
For the reinforced concrete columns, for convenience of calculh- 
tion, the unit-loads given on the diagram are based upon the gross 
area of the column. The bearing of this assumption upon the 
stresses in the concrete is discussed elsewhere. The abscissas 
(horizontal distances on the diagram) represent the unit-deforma- 
tions, or shortenings per unit of length, determined from the ob- 
served extensometer readings for the gauged length used. These 
values are the averages for the readings on the four faces of the 
column. In general, the readings on the four faces varied but 
little from each other, as would be the case if the head of the ma- 
chine moved parallel with itself and the column deflected laterally 
but slightly. 

In these diagrams the amount of deformation is calculated by 
using as the zero reading the extensometer reading at the orig- 
inal zero of load or load at which the first reading was taken. In 
other words, the deformation shown is independent of any set 
which the load may have produced in the concrete. Whether 
gross or net (elastic) deformations are to be considered in discus- 
sing the results of tests depends, of course, on the use which is to 
be made of the results. In a discussion of the action and effect 
of longitudinal reinforcing bars, it would seem that gross or total 
deformations should be used rather than net or elastic deforma- 
tions, and this is one reason for choosing to use gross deforma- 
tions here. Since nothing is known of the shrinkage stresses in 
the concrete and steel, no consideration of their effect will be made. 

The ‘‘Line for initial modulus of elasticity” given on the dia- 
grams is the tangent at zero load for a parabola which has been 
found to fit the stress-deformation curve closely. The analysis 
and formula for the parabola and the initial tangent are given in 
a succeeding paragraph. In the choice of parabola for a given 
stress-deformation curve, the effort has been made to fit the curve 
fairly closely, but a fair correspondence between the ordinate for 
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the vertex of the parabola and the ultimate strength of the con- 
crete has been looked for and also an agreement of the vertex 
with the deformation of the concrete at the maximum load. While 
some variation may be found in the exercise of the judgment in 
determining this parabola, yet the range of choice is less than is 
found when attempting to select a straight-line modulus through 
the early part of the curve. 
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Fic. 9. STRESS-DEFORMATION DIAGRAM FOR A 
REINFORCED CONCRETE COLUMN. 


The line marked ‘“‘Line for steel” represents for any given 
deformation the load per square inch considered distributed over 
the area of the column which is equivalent to that taken by the 
steel alone, considering the modulus of elasticity of the steel to 
be 80,000,000 lb. per sq. in. Thus, for a deformation in the column 
of .001, the corresponding stress in the steel is 30,000 lb. per sq. 
in. For a column having steel reinforcement equal to 14% of its 
cross section, the load thus taken by the steel is equivalent to 450 
lb. per sq. in. distributed over the whole cross section, and the 
“Line for steel” is drawn through 450 lb. per sq. in. and a unit 
deformation of .001. For any givendeformation, then, the amount 
of load below-this line represents, on this basis, the part taken by 
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the steel reinforcement, and the amount above this line repre- 
sents the part taken by the concrete. To illustrate, in Column 
No. 12 (Fig. 8) for a deformation of .0005 the steel will, by this 
analysis, be taking the equivalent of 220 lb. per sq. in. distributed 
over the cross section of the column (15,000 Ib. per sq. in. on 
the steel alone), and the concrete will be taking 1,020 lb. per Sq. 
in.; for a deformation of .001, the steel will be taking the equiva- 
lent of 440 lb. per sq. in. (80,000 lb. per sq. in. on the steel alone), 
and the concrete 1,560 lb. per sq. in. Strictly speaking, the 
amount so found should be increased by a percentage equal to that 
occupied by the steel area, since the former calculation assumes 
that this area is occupied by concrete, but as the effect of this 
correction is small it has been neglected. 

In the case of the plain concrete columns, the maximum load 
may be expected to occur at or before the vertex of the parabola. 
Evidently, even if such a curve as the parabola fits the stress-de- 
formation curve fairly well for low and medium loads, it may not 
be expected to agree so closely near the maximum, and beyond 
the maximum load such a law of course is not applicable. Fig. 7 
shows the stress-deformation curve and points on its parabola for 
Column No. 5. In this and in Fig. 13 to 18 at the end of the text, 
several points of the parabola which is taken to express the stress- 
deformation relation have been calculated for the columns and 
are shown on the diagrams by points marked by crosses. These 
are given at deformations equal, respectively, to one-sixth, one- 
quarter, one-half, and full abscissa of the vertex of the parabola. 
The last one given is for the vertex of the parabola. 

In the case of the columns reinforced with longitudinal rods, 
(1) a new diagram may be made to express the load taken by the 
concrete alone, or (2) the stress-deformation line may be considered 
to be drawn according to a modified system of oblique co-ordi- 
nates. In Fig. 9 the line OF represents the stress-deformation 
relation for the combination of steeland concrete and OC that for 
the steel. For (1), if the point E be set down to D a distance ED 
equal to CG, the ordinate GD will represent the stress taken by 
the concrete alone at this point. If, now, the amounts taken by 
the concrete alone, found on the above basis, be replatted, using 
the line OX as an axis, the new line OD marked “‘Line for concrete 
alone” will be. the stress-deformation diagram for the concrete 
itself, and will be found to approximate to a parabola as in the 
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plain concrete columns. The resemblance of this curve and tan- 
gent to those for the plain concrete columns is at once apparent. 
(In Fig. 8, a diagram for the concrete alone is shown for Column 
No. 12.) The line OBis the tangent for this curve, or line for ini- 
tial modulus of elasticity. By (2), the representation by a modi- 
fied system of oblique co-ordinates, the ordinates or loads taken 
by the concrete are measured from the oblique line marked ‘‘Line 
for steel”, and the shortenings of the column are measured hori- 
zontally as before. In Fig. 9, CE will represent the stress in the 
concrete at its maximum load, and the stresses in the concrete for 
other deformations will be found by measuring upward from the 
line OC. The separate diagram gives a good expression of the 
stress in the concrete itself. However, the line OE (Fig. 9) rep- 
resents this stress-deformation relation as well, if we keep in mind 
that ordinates are to be measured from OC, and that diagonal dis- 
tance or spaces are misleading. OA, which will represent the line 
for the initial modulus of elasticity in this combination or oblique 
diagram, will be above OB, and any point of it will be as much 
higher as the vertical distance of the corresponding point on OC 
is above OX. This line OA, from its distorted position, may not 
seem to be tangent to the curve OK. The point E on the oblique 
or combination parabola, directly above the vertex D of the ordi- 
nary parabola, must be considered to be the vertex of the oblique 
parabola, and is the point where the maximum load is taken. by 
the concrete according to this stress-deformation relation, as is 
shown by the tangent line EF being parallel to OC. Beyond this 
point, while the column as a whole may sustain a larger load, a 
greater proportion of the load is taken by the steel, and the con- 
crete has passed its maximum carrying capacity. In general, then, 
the point at which the concrete carries a maximum amount may 
be obtained by finding the point (as E) where a line parallel to the 
line for steel (OC) is tangent to the stress-deformation curve and 
then determining the load above the line for steel. This value, 
represented by CE, may then be considered the maximum load 
taken by the concrete. The values given in the discussion which 
follows were calculated on this basis. This analysis, as is shown 
later, is borne out by the results of the columns tested. Although 
the oblique or combination diagram may strike the reader strange- 
ly, it was not thought necessary to reduce the readings to ordi- 
nary rectangular co-ordinates and makea second set of diagrams.. 
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The diagrams given in Fig. 19 to 29, while at first perhaps ap- 
pearing distorted, will, it is believed, give a comprehensive view of 
the relation between the loads taken by the concrete and steel for 
any given deformation or shortening of the column. 

18. The Parabolic Stress—deformation Relation.—To begin with, 
it may be premised that a study and analysis of the relation be- 
tween the stress or load in pounds per square inch and the unit 
deformation or shortening of the concrete will be of considerable 
value in the discussion and interpretation of the phenomena of 
compression of concrete in plain and reinforced columns. This 
stress-deformation relation has an important bearing upon the 
strength of columns and on the proportion of load taken by the 
concrete and by the steel reinforcement in reinforced concrete 
columns. An analysis based on a curved stress-deformation re- 
lation, although not difficult, requires some little explanation. It 
is hoped, therefore, that the reader will go over the discussion 
fully with the applicability of such an analysis in mind and not 
hastily conclude that undue weight has been attached to the curved 
form of the stress-deformation relation. Nor should the reader 
consider that the use of the parabolic relation in this discussion com- 
mits the writer to the position of excluding the straight-line 
stress-deformation relation (constant modulus of elasticity) from 
use in any formulas or applications whatever. 

In a general way it may be said that concrete does not possess 
the property of proportionality of stress and deformation for wide 
ranges of stress as does steel; in other words, the deformation or 
shortening produced by a load is not proportional! to the compres- 
sive stress. The relation between stress and deformation is not 
entirely uniform; there are even considerable differences in defor- 
mations for the same mixture, but generally the variation from 
direct proportionality is less for the richer mixtures. Various 
curves have been proposed to represent the stress-deformation 
relation, but the parabola is the most satisfactory general repre- 
sentation.. Frequently the parabola expresses the relation almost 
exactly, especially for mixtures of medium richness, and in nearly 
every case the parabolic relation will fit the stress-deformation 
diagram very closely throughout the part which is ordinarily de- 
veloped in columns, the lack of agreement near the crushing point 
not being so important. Fig. 7 and Fig. 8 show the close agree- 
ment of the observed stress-deformation curve and the parabolic 
relation for Columns No. 5 and 12. 
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Modulus of elasticity is a term which has been used very 
loosely in connection with reinforced concrete. Asa general prop- 
erty of materials, it is defined to be the ratio of the unit stress to 
the unit deformation within the elastic limit of the material. As 
applied in this way to materials having the property of propor- 
tionality of stress and deformation, the modulus of elasticity is a 
constant. For materials with a variable stress-deformation rela- 
tion like concrete it may not be considered proper to call the vari- 
able ratio the modulus of elasticity, and such a use may lead to 
misunderstanding. However, it isimportant that a definite ex- 
pression for this ratio be found. 

Proportionate deformation = Le =9 
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Fic. 10. STRESS-DEFORMATION DIAGRAM FOR A 
PLAIN CONCRETE COLUMN. 


The writer obtains this relation from the initial modulus of 
elasticity and uses the term “Initial Modulus of Elasticity” to ex- 
press the relation which would exist between stress and deforma- 
tion if the concrete compressed uniformly at the rate it compres- 
ses when the load is first applied. For the parabolic stress- 
deformation relation, the line which represents this uniform or 
constant stress-deformation relation will be tangent to the para- 
bola at the zero point. In Fig. 10 the ordinates represent unit 
stresses (pounds per square inch) and the abscissas unit deforma- 
tions (shortenings in inches per inch). The relation between the 
stresses and the corresponding deformations may be represented 
by the part of a parabola, OA, which has its vertex at A, AC be- 
ing itsaxis. The oblique line is tangent to the parabola at O, and 
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the tangent of the angle which it makes with the vertical is Tes 
where £, is the value of the initial modulus of elasticity. The equa- 
tion of this line is « = Ey, and this equation would give the re- 
lation between the compressive stress and the deformation if the 
stress-deformation relation were constant; or in other words if 
the modulus of elasticity were a constant. 

The equation of the parabola may best be expressed by its 
relation to this line for initial modulus of elasticity. Let c repre- 
sent compressive unit-stress fér any point, (for the point P the 
ordinate DP represents c) and c’ the maximum compressive stress 
(ordinate of vertex of parabola, CA). Let«. represent the unit-de- 
formation for the point P (abscissa OD) and « the unit-deforma- 
tion corresponding to the maximum compressive stress (abscissa 
of the vertex of the parabola, OC). It can be shown that ¢c —F.¢.— 


4 > E&<. may be taken as the equation of the parabola. On this 
basis, this equation expresses the relation between the compres- 
sive stress and its corresponding deformation. It may be noted 
that the first term of the second member gives the stress corre- 
sponding to a given deformation by the straight-line relation, 
while the remaining term expresses a correction or reduction 
which changes the results materially for the higher deformations. 

The value of the deformation at the maximum compressive 
strength of concrete, «, (abscissa of the vertex of the parabola), 
enters into equation (1). For many applications, it is convenient 
to express the deformation as a part of or in terms of this vertex 
deformation. Call the ratio of the deformation developed ata 


given load to the deformation at the maximum load Glico 2 ) 
and the foregoing equation becomes 
eee Fe 089) Be, 0) 
The following relation may also be derived 


Aes te ry eines nition, ee eee 
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When this parabolic relation is used the value c’ will refer to 
the stress for the vertex of the parabola and « as its correspond- 
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ing deformation or abscissa. These may vary somewhat from 
the maximum compressive strength of the concrete and its cor- 
responding deformation, but not greatly. The two sets of values 
should not be confused. 

In Fig. 10 it may be seen that for the lower ranges of stress 
the parabola does not vary greatly from the straight line. At the 
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Maximum Stress 
Col Gauged Initial Abscissa of Tp ev Etats: 
No. Length Modulus of Vertex of 
ene jeinches Elasticity Parabola 
| lb. per sq. in. Parabola Observed 

5 114 3 150 000 0011 173 Oe 1722 

8 114 2 530 000 .0016 2000 2004 

9 114 2 500 000 .00138 1620 1615 
13 60 2 370 000 . .0014 1660 1709 
15 60 2 000 000 .0012 1200 1189 
18 60 1490 000 .00145 1080 1079 
PNS Ca SRO 2 340 000 .00134 | 1550 1553 


vertex, however, the compressive stress (representing the maxi- 
mum compressive strength) is one-half of that given by the 
straight-line relation. At one-half of ultimate deformation 
(q = ) itis three-quarters of that given by the straight-line 
relation. 

The modification of the stress-deformation relation when 
longitudinal reinforcement is introduced has already been de- 
scribed. 

19. The Stress-deformation Relations Developed in the Columns.— 
It will be well to discuss the stress-deformation relations found 
in the columns tested, not so much because of the importance of 
the relations themselves, but for the reason that the results throw 
light upon the strength, stiffness, uniformity, and reliability of 
the columns. The diagrams (Fig. 18 to 18, following the text) 
contain the stress-deformation curves for the plain concrete 
columns. As has already been stated, these diagrams are based 
upon gross or total shortenings and not on net or elastic defor- 
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mations, since one use of the data will be to permit comparison, 
in the case of columns having longitudinal reinforcement, of the 
amount of load taken by the concrete with that taken by the steel, 
and the use of elastic deformation would involve consideration of 
stresses left in the steel upon release of load. 

An examination of these diagrams shows that the maximum 
loads on the columns are in-agreement with the stress-deformation 
diagrams, no column failing at a lower load than would be ex- 
pected from a study of its diagram. The porous nature of Col- 
umn No. 18 (a column made with less care than was given to the 
others) is shown by its diagram, (Fig. 15), which early gives in- 
dication of the low ultimate strength. The points given on these 
figures (denoted by crosses) for the parabolic stress-deformation 
relation agree, in general, fairly closely with the diagrams. 

Table 7 gives for the plain concrete columns values for the 
initial modulus of elasticity, the deformation at the point of maxi- 
mum strength used (abscissa of vertex of parabola), the maximum 
stress shown by the parabolic relation and the observed maximum 
compressive strength of the parabolic relation and the observed 
maximum compressive strength of the column. Except for Col- 
umns No. 5 and 18, both the modulus of elasticity and the abscissas 
of the vertex of the parabolas have a small range, and even in- 
cluding these the results show as small variation as may be ex- 
pected in concrete made in this way. The average value for the 
initial modulus of elasticity, 2,840,000 lb. per sq. in., not only is 
of interest in its application to columns but it may have a bear- 
ing upon the value to be used in beam formulas. It should be 
noted that these values are for the first application of aload. For 
a repetition of a load the modulus of elasticity would be some- 
what lower than this, the amount of this decrease depending upon 
the concrete and the number of repetitions. The average value 
for the abscissa of the vertex of parabola is .00184. 

Table 8 gives similar values for the reinforced concrete 
columns. The amount of load taken by the concrete was found 
~ by the method described under Stress-deformation Diagrams, and 
the initial modulus of elasticity was taken from the derived stress- 
deformation curve for concrete alone. The abscissa of the vertex 
was found ina similar way. The maximum stress taken by the 
concrete was determined from the point on the stress-deformation 
curve at which a tangent is parallel to the line for the steel. 


30 ILLINOIS ENGINEERING EXPERIMENT STATION 


It will be seen by inspection of the diagrams that the column as 
a whole takes a load somewhat greater than that which gives the 
maximum stress on the concrete, the increase coming from the 
increased stress in the steel, though the amount of this increase 


TABLE 8. 


REINFORCED CONCRETE COLUMNS. 


3 = Maximum Stress 
= oe in Concrete Netra 
co. | 9218 5 Initial : Abscissa ui Ib. per sq. in. Se caeaicn 
NoMo oa Modulus. of) Vertex: 01 | Sa etl Gigas Aon 
o£ | +S | Hlasticity | Parabola A 
Som | © A Ob- lb. per sq. in. 
5 a lb. per sq.1n. Parabola served 
Oo 4 
1 | 132 | 1.20] 2570000 00095 1220 1220 1587 
2 | 108 1.52 | 2330000 .0010 1165 1160 1577 
3 | 132 | 1.21 | 2:340:000 .0012 1400 1380 1862 
6 | 132 1.52 2 090 000 .00105 1095 1090 1600 
Telos Zee 2io7 0.000 0011 1410 1400 1850 
10 | 1382 1.50 | 1800000 .0009 810 775 1280 
11 | 132 1.21 | 2480000 .0012 1460 1460 1936 
12 | 95 | 1.48 | 2500000 00135 1687 1685 2335 
14 | 182 | 1.50 | 2000000 .00095 950 955 1367 
16 95 | 1.49 | 1900000 .00105 1000 990 1607 
17 60 | 1.47 1 900 000 .0016 1520 1560 2206 
AY. | SOI. | sae nialske | 2 220 000 .00112 1247 | 1248 | 1746 


averages only 2.2% and the largest increase is only 6.6%. The . 
range of values for the initial modulus of elasticity is not greater 
than for the plain concrete columns, nor is that for deformation 
at vertex of parabola. 

‘The last column of Table 8 gives the maximum load taken by 
the column in lb. per sq. in. of gross area, and hence includes the 
load taken by the steel. 

The average value of the initial modulus of elasticity for the 
reinforced concrete columns is 2,220,000 lb. per sq. in. The aver- 
age value of the final unit-deformation is .00112. The average 
variation from the average modulus of elasticity is 11%. The 
average variation from the average final deformation is 14%. 
The average value of the initial modulus of elasticity, 2,220,000 lb. 
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per sq. in., is very close to that for the plain concrete column, 
2,340,000 lb. per sq. in. The final deformation is lower than that 
for the plain concrete columns. The range of results is smaller 
than that for the plain concrete columns. 

The average modulus of elasticity for both plain and rein- 
forced columns is 2,250,000 lb. per sq in. The average variation 
from this is 14%. The range covered is 40% above the average 
and 84% below, the extreme cases both being plain concrete col- 
umns. 

Table 9 gives the observed and calculated loads for both plain 
and reinforced columns at four points of the tests. The loads in- 
clude both the part taken by the concrete and that taken by the 
steel. The calculated loads are determined from the initial modu- 
lus of elasticity and parabola given in Tables 7 and 8. In the 
table, « represents the deformation at the point of maximum 
stress in the concrete, which agrees with the abscissa of the ver- 
tex of the parabola used. The values given in the last column 
therefore may not be expected to agree with the values given in 
Table 8 for maximum stress on gross area. 

The three other points selected are at deformations of one- 
sixth (q—=4), one-quarter (g—=}) and one-half (g=+4) of this defor- 
mation. It will be seen that the observed and calculated loads com- 
pare very favorably. The calculated loads are also shown in Fig. 
13 to 29 (following the text) by points marked by crosses. Values 
for the Watertown Arsenal column tests, described elsewhere, 
are included in Table 9. 

20. Strength of the Plain Concrete Columns.—Naturally, with 
the variation in materials and in the conditions attending fabrica- 
tion and setting, concrete columns may not be expected to have uni- 
form strength and stiffness. The conditions attending the fabri- 
cation of test specimens, however, are more nearly constant than 
those to be found in ordinary building operations and a greater 
allowance for variation should be made in building design than 
the variation found in these test columns. No. 18, which was 
made hastily and somewhat carelessly, with the expectation 
that’ it would be used at an early age merely for practice in the 
use of the instruments and machine, gives not only less stiffness 
but a very low compressive strength. 
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TABLE 9. 
CALCULATED AND OBSERVED LOADS. 


Loads are given in pounds per square inch of the gross section of the 
column and hence include the load taken by the steei. 


At t & At~t Tg AG re 
Col. —— 
No. 
Calc. | Obs. Calc. Obs. Calc. Obs. Cale. Obs. 
University of Illinois Columns. 
1 440 435 610 600 1085 1055 1560 1560 
a 430 430 625 620 1105 1080. 1620 1570 
3 505 545 725 745 1270 1265 . 1840 1815 
6 400 415 || 600 600 1065 1045 Es) 1570 
7 500 515 720 705 1260 1800 || 1815 1810 
10 315 315 || 440 435 805 785 1210 1205 
11 520 540 || 750 750 1320 1310 1900 1895 
ibe 605 630 895 910 1575 1575 2290 2290 
14 365 385 ° 525 535 915 910 1370 1375 
16 380 415 550 555 980 960 1450 1450 
ity 595 540 845 820 1490 1535 2230 2200 
5 520 520 770 745 1300 1275 1730 1720 
8 610 630 875 | 880 1500 1435 2000 2005 
9 495 490 710 690 1220 1150 1620 1620 
13 505 505 725 710 1240 1170 1660 1710 
15 370 385 525 525 900 860 1200 1190 
18 330 345 475 475 805 765 1080 1080 
Ay. 463 473 662 664 || 1167 1146 | 1656 | 1651 
Watertown Arsenal Columns 
1579 805 830 1130 1130 1920 1920 2800 2800 
1580 557 555 755 750 1260 1280 1820 1830 
1581 640 610 885 880 1480 1475 2080 2060 
1582 650 620 905 . 860 1500 1450 2110 2110 
1584 820 820 1170 1110 - 1980 1930 2870 2870 
1585 675 630 930 870 1600 1550 2460 2460 
1583 645 650 890 890 1450 1420 1800 1800 
AY. 685 673 952 927 1598 1Ussrtss 221 2275 


The average maximum load for the plain concrete columns 
tested, as shown in Table 7, was 1553 lb. per sq. in. The lowest. 
load, 1079 lb. per sq. in. for Column No. 18, is 30% less than this 
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average, and the highest load, 2004 lb. per sq. in., is 29% more 
than this average. The average variation from the average 
‘strength is 18%. This range is not large, considering the nat- 
ure of the material. As has been stated, the stress-deforma- 
tion diagrams indicate that the maximum loads found correspond 
with the general behavior of the columns and that the test loads 
were generally concentrically applied and uniformly distributed. 
They also show the variation in quality and action. The diagram 
of No. 18 shows its porous nature and foretells failure at a low 
load. No general difference in results between 9 x 9-in. and 12x 
12-in. columns is noticeable. 

A-comparison of the ultimate strength of the cubes tested with 
the loads carried by the columns made with the same mix shows 
that the strength of the columns is materially less than the 
strength of the cubes. As shown in Table 6 the average for the 
12-in. cubes is 2205 lb. per sq. in. and that for the columns is 1553 
lb. per sq. in., 80% less. It seems probable that the restraining 
influence of the friction against the bearing plates is a cause for 
the additional strength in the cubes, as has been shown by some 
experimenters to be the case, while in the columns this influence 
does not extend far from the ends. The results with the 8x 
16-in. cylinders given in the same table (average of 1490 lb. per 
sq. in.) agree very closely with the column tests and corroborate 
this view. 

21. Strength of the Reinforced Concrete Columns.—Two things are 
noticeable in the results given in Table 8 for the loads taken by 
the concrete in the columns reinforced with longitudinal rods,— 
that the maximum stresses taken by the concrete are less than for 
the plain concrete columns, and that the range of results is great- 
er. Before discussing these apparent characteristics of the tests, 
it will be well to consider some of the conditions attending the 
tests and the possible effect of such conditions upon the results. 

No effort was made to bring the ends of the reinforcing rods to 
have a bearing upon the compression or bearing plates of the 
testing machine. Generally, the rods ended within + in. of the 
end of the column. In No. 6, the rods rested on the bearing plate; 
in No. 10, one rod rested on the plate; and in No. 14, the rods ex- 
tended to the face of the plaster in which the ends of the columns 
were bedded. Evidently it would be difficult to get an exact and 
even bearing for all the rods directly against the plates. The 
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concrete or plaster under the ends of the rods would not be cap- 
able of transmitting as great a stress per square inch as is 
taken by the steel, and part of the load taken by the steel must 
be carried through the surrounding conerete and be transmitted 
to the steel by means of the bond between concrete and steel. 
Fortunately this extra stress on the concrete exists at the ends of 
the columns where the concrete has the aid of the lateral restrain- 
ing influence of the bearing plates. The bond developed would 
cause the stress to be transmitted to the rods within a short 
distance of the end of the column. Whether this is done before 
the concrete is beyond the influence of the bearing plates and 
whether the bond developed is beyond the bond strength may, 
perhaps, be determined by a study of the stress-deformation dia- 
grams and the method and point of failure of the individual col- 
umns. The yokes of the extensometers were in general within the 
portion of the length where the rods may be considered to be tak- 
ing their full stress, and the deformations are the average defor- 
mations for the gauged length. 

In all of the columns the point of maximum stress on the con- 
crete is well within the point of ultimate failure, the deformation 
of the columns going on for some time beyond this maximum 
point. The form of the stress-deformation curve is similar for all 
the columns, and no difference can be detected for those with dif- 
ferent positions of the ends of the reinforcing rods. The 
method of failure and the position of the failure are not noticeably 
connected with any end condition, and the distribution of the fail- 
ures does not differ in any marked degree from that for the plain 
concrete columns. It would seem, then, that in general the posi- 
tion of the ends of the reinforcing rods has not affected the 
results in any marked manner, and there is no apparent rea- 
son for giving greater or less weight to the strength of any column. 
An exception to this may possibly be made in the case of No. 10, 
in which one bar rested on the plate and the failure was due to 
the breaking of the concrete around this rod at the end of the 
column. The condition is a severe one, and it is quite possible 
that the results in this case should be thrown out. 

The average stress taken by the concrete, based on the an- 
alysis heretofore given, is, as shown in Table 8, for all the rein- 
forced concrete columns 1248 lb. per sq. in. and with No. 10 omit- 
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ted, 1290 lb. per sq. in. Omitting Column No. 10, the lowest 
value is 26% below the average, the highest value is 30% above 
the average, and the average variation is 16%. The average 
strength of the plain concrete columns is 1553 lb. per sq. in. The 
average strength of the reinforced concrete columns, based on 
gross area and without allowance for the steel, is 1746 lb. per sq. 
in. It will be seen that the stress taken by the concrete is, in the 
case of the reinforced columns, about 15% less than the strength 
of the plain columns, and that the total strength of the reinforced 
columns is considerably more than that of the plain columns. These 
‘results may not be representative, but at least they indicate that 
care should be taken not to use too high working stresses in col- 
umns reinforced in this way. The fact that the values of the in- 
itial modulus of elasticity average for the reinforced columns so 
closely to the average for the plain columns, is confirmatory of 
the correctness of the results. It may also be noted that the ab- 
scissa of the vertex of the parabola fitted to the reinforced columns 
is less than that for the plain columns. ‘This fact is possibly con- 
nected with the explanation of the lower concrete stresses in the 
reinforced columns. 

The columns having ties around the longitudinal rods show 
no greater strength than those without ties, and there is no dif- 
ference apparent in the manner of failure. Itis true that buck- 
ling of the rods occurred between the ties, but this buckling must 
have taken place after the concrete reached its maximum stress, 
judging from the stress-deformation diagrams. In fact, it may 
not be expected, from ordinary analysis, that ties placed at so 
great a distance apart will have a beneticial effect upon the 
strength of the columns. 

22. Watertown Arsenal Column Tests.— Not many tests have 
been made on plain and reinforced concrete columns in asystematic 
way with a view of determining the relative amount of stress in 
the steel and concrete while under load. Many occasional or de- 
sultory tests have been made, but usually these furnish no basis 
for comparison. The only series made in the United States, 
known to the writer, which gives an opportunity for making a 
comparison with the tests here recorded, is the series made by 
the United States government at Watertown Arsenal and reported 
in Tests of Metals for 1904. The well known care and trust- 
worthiness of the Watertown tests make it seem profitable to in- 
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clude here a summary of such of these tests as may be compared 
with the University of Llinois columns. The columns selected 
include all of those made with one grade of 1-2-4 concrete and 
tested at about the same age and include the numbers from 1579 
to 1585. As only one column of plain concrete was tested and a 
single test may not be at all representative of the characteristics 
of a concrete, but little comparison between plain and reinforced 
columns may be made. The number of reinforced columns and 
the range of the reinforcement are such that the tests give a good 
opportunity to study the relative stresses taken by steel and con- 
crete. 

The concrete was made of one part Vulcanite cement, two 
parts sand (4-in. sieve), and four parts pebbles (% to 14 in. in di- 
ameter) by volume. The concrete averaged about 145 lb. per cu. 
ft. in weight. The reinforcing rods at the corners were placed 1$ 
in. from the faces of the column, and where more than four rods 
were used the remaining rods were placed symmetrically in the 
interior. A variety of forms of reinforcement was used. The 
rods were cut to exact length and always had a direct bearing up- 
on the bearing plates of the testing machine. In the test, the 
load was released several times, generally ten or more, but at pro- 
gressively increasing amounts, and never more than once from 
any given load. The age of the columns averaged about 34 


months at time of test. 
TABLE 10. 


DATA ON WATERTOWN ARSENAL COLUMNS. 
Average length of columns, 94 inches. 


= 
Reinforcement Age 

Col. Dimensions ee : a 
No. IMG, 6 TO 5 Pat Test 
cae Amount and Kind percent; days 

1579 12.58x12.60 158.5 8—2-in. Thacher bars 2.09 102 
1580 | 12.60x12.51 157.6 4—8-in. Twisted bars 1.48 103 
1581 12.60x12.67 159.6 4—4-in. Thacher bars ROS 104 
1582 12.68x12.60 159.8 4—3-in. Corrugated bars| 0.97 106 
1584 | 12.63x12.60 159.5 8—-in. Corrugated bars} 1.94 104 
1585 | 12.60x12.50 157.0 8—#-in. Twisted bars 2.86 105 
1583 12.66x12.59 159.4 None 0.00 107 
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Stress-deformation diagrams are given in Fig. 30 to 36 at the 
end of the text. As before, the deformations given are gross and 
not net or elastic deformations. The line for steel, line for initial 
modulus of elasticity, and point of maximum stress in concrete 
are used in the way already given for the University of Illinois 
tests. Points for the parabolic stress-deformation relation for 
one-sixth, one-fourth, one-half, and full abscissa are marked by 
crosses. It will be seen that these diagrams have the same gen- 
eral characteristics as the University of Illinois tests, and that the 
parabolic curve fits them very closely. 

Table 10 gives general information on the amount and nature 
of the reinforcement and the age of test. Table 11 gives the ini- 
tial modulus of elasticity, the abscissa of vertex of the stress-de- 
formation parabola, and the maximum stress taken by the con- 
crete alone, the last being based upon the method already used, 
wherein the steel is considered to take a stress corresponding to 


TABLE 11. 
WATERTOWN ARSENAL COLUMN TESTS. 


is r= Maximum Stress | 

ae a ete e in Concrete ee: 

38 | 86 | Initial [Abscissa of| !b. per sq. in. a 
Cola scare Modulus Of] Vertex Ota ped 
No. | 38 | Sg | Elasticity | Parabola : : 

acer are A Calcu- Ob lb. per sq. in. 

5 3 OEE SEI lated | served 

oO a 
1579 | 50 | 2.09 | 3200000 0012 1950 1950 2760 
1580} 50 | 1.43 | 2000000 .0012 1200 1200 1990 
1581} 50 | ¥.03 | 2200000 0014 1540 1460 1990 
1582} 50 | 0.97; 2300000 .0014 1600 1540 1250 
1584 | 50 | 1.94 | 2800000 0014 1960 1920 2830 
1585} 50 | 2.86 | 2200000 .0012 1330 1330 3160 
1583 | 50 | 0.00 | 2770000 .0V13 1800 1710 1710 
IMGslc concolaon nae 2 500 000 0013 1620 1590 2240 


its deformation and the concrete the remainder of the load. In 
Table 9 are given observed stresses at four deformations and also 
stresses calculated for the same points from the parabolic stress- 
deformation relation. 

The one plain concrete column has a higher modulus of elas- 
ticity than the average value found for the reinforced columns, 
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and its stress-deformation curve does not reach the vertex of the 
containing parabola. These differences and the variability of 
stiffness and strength found in the reinforced columns, as well as 
the well established variability of concrete, go to show that the 
result of this one test may not be taken as representative of the 
strength and stiffness of plain concrete columns in comparison 
with the reinforced columns, and general conclusions may not be 
drawn. The ultimate strength of this column is, however, some- 
what higher than the average maximum stress in the concrete for 
the reinforced columns as determined from the line for steel. 

The average maximum stress in the concrete, for the rein- 
forced columns, determined from the line for steel is fairly uni- 
form, the range being 23% below the average and 24% above. 
The strength and stiffness of these columns are somewhat higher 
than given by the University of Illinois tests, as might be expect- 
ed from the greater age at test and the use of pebbles instead of 
limestone. The columns are evidently somewhat more uniform 
in their make-up. The agreement of the observed values with 
those calculated by the parabolic stress-deformation relation is 
close. The average maximum compressive stress taken by the 
concrete, including the result for the one plain column, is 1590 lb. 
per sq. in. In general, the results of the two series of column 
tests are quite similar. 

A study of the results shows that there is no marked charac- 
teristic difference in either stiffness or strength for columns made 
with any special form of reinforcing bar or with any given amount 
of reinforcement. For leaner concrete, and hence greater poros- 
ity, the difference in the elastic limits of the bars may be expect- 
ed to have an effect upon the results. 

23. Modulus of Elasticity.—As has already been stated, there 
is a great diversity of usage in reference to modulus of elasticity. 
Some writers have fallen into the error of using a constant ratio 
between stress and deformation, and yet of considering the stress- 
deformation diagram a parabola. Whether the stress-deformation 
relation should be considered variable, or whether a straight-line 
relation may be held to serve well enough for the range used, de- 
pends upon the particular use or application to which the relation 
is to be put. In fact, generally the test of the method to be em- 
ployed lies in the purpose and end to be served in the application. 
In beams having a small amount of reinforcement the use of a 
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constant modulus may be permissible. In beams having a large 
amount of reinforcement and in which the compressive strength 
of the concrete is the controlling element, a variable modulus 
may be preferable. In reinforced columns, it would seem that a 
variable modulus (curved stress-deformation diagram) should be 
used in discussing the relative loads finally taken by the concrete 
and by the steel. The same test applies to the use of gross or net 
(elastic) deformations. . If one purpose in the use of the defor- 
mation is to determine (a), in the case of a reinforced column, the 
amount of the deformation in the longitudinal steel reinforcement 
and from this to calculate the stress in the steel, or (b), in a rein- 
forced beam, the amount of change in a section and from this the 
position of the neutral axis and the resultimg stress in the steel, 
it seems clear that gross (total) deformation should be used and 
not net (elastic) deformation, if we consider that a plane section 
before bending remains a plane section after bending. The use 
of elastic deformations must be misleading in these cases. 

Again. the method to be used in determining the stress-defor- 
mation relation for repetitive loading should be judged in the 
same way. For example, when a compression test piece (a beam 
gives a similar phenomenon) has had loads applied in continuous- 
ly increasing amounts, the stress-deformation line will be a curve, 
as is shown for example in the diagrams for Columns No. 5 and 
12 given in Fig. 7 and 8. If now the load be gradually released, 
the points found during release will approximate to a straight line 
running to the set point. If the load is reapplied, the points found 
on the return line are not far from the straight line, and the sec- 
ond application of the given load shows a deformation somewhat 
larger than the first. To say, because at the partial loads the 
values approximate to a straight-line relation, that therefore the 
corresponding constant modulus of elasticity should be used in 
calculations on beams and columns, is evidently erroneous reason- 
ing, as will be shown in the succeeding paragraph. 

The set indicated in this line of released and reapplied loading 
does not exist throughout the cross-section of a beam under. re- 
peated loadings, as might at first thought seem to be the case. A 
method of more general applicability is to determine the final de- 
formation after repetition for each loading seriatum. Thus, if the 
loads are to be applied one hundred times, apply, say, 100 lb. per 
sq. in. one hundred times and note the final deformation; apply 
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500 lb. per sq. in. one hundred times and note the final deforma- 
tion; apply 1,000 lb. per sq. in., etc. Fig. 11 gives some idea 
how these deformations will change under repetitions, the points 
obtained for the same number of repetitions being connected to- 
gether. The final diagram (represented by the lower curve) will 
resemble the one for the initial application, especially in portions 
of the curve other than near the ultimate, though the exact posi- 
tion of this will depend upon the number of repetitions, the elas- 


Load 


Derormation 
Fig. 11. DIAGRAM ILLUSTRAT- 


ING EFFECT OF REPETITIVE 
LOADING. 


ticity of the concrete, etc. Now, the same condition may be ex- 
pected to exist in a beam that has been loaded one hundred times: 
‘at the remotest fiber the deformation is that due to repetition at 
the unit stress it has been subjected to, say 500 lb. per sq. in.; at 
a point half way to the neutral axis it is that due to repetition at 
one-half as great a unit stress, say 250 lb. per sq. in., and not (as 
would be the case if the results by the first mentioned method of 
loading were taken) the deformation under the condition that this ~ 
fiber has been stressed to 500 lb. per sq. in. and then had had its 
stress reduced to 250 lb. per sq. in. This statement, of course, is 
approximate, since under the conditions described the position of 
the neutral axis would change, the stresses themselves would 
change, and the section itself would distort from a plane section, 
but nevertheless the illustration holds. The stress-deformation 
curve for repetitive loading should, then, be made by connecting 
points obtained under repetition of first one load, then a higher 
one, then stilla higher one, ete. For a column, the deforma- 
tions at intermediate loads are not so important, but the general 
character of the stress-deformation diagram is essential. 
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The use of both gross and elastic deformations contributes to 
the diversity of values for the modulus of elasticity of concrete 
given in engineering literature. Elastic deformations naturally 
give higher values. Caution should be used in accepting high 
values because they may have been obtained from elastic defor- 
mations or because they may have been taken from short speci- 
mens affected by the restraint of the bearing plates or because 
they may represent concrete of a much denser quality than is 
to be found under the conditions of practical construction. It is 
also to be seen, as shown in the preceding paragraph, (see also 
Fig. 11), that with repeated applications of a load the deforma- 
tions will increase and the abscissa of the vertex of the assumed 
parabola will be larger. At the same time the maximum load 
which the concrete will take must be considered to be smaller. 
Under these two changes, it is evident that the resulting initial 
modulus of elasticity will be smaller than that for a single ap- 
plication of the load. What the amount of this decrease is will 
depend upon the nature of the concrete, its age and plasticity, 
and the number of repetitions of the load. The more plastic and 
porous the concrete, the greater the effect. The richer the 
mixture and the older the test piece, the less it will be. At the 
same time, it must be borne in mind that the concrete grows stiffer 
with age, and that most tests have been made at an early age, 380 
to 90 days. Whether this increase in stiffness with time will 
counteract the decrease in value just noted, will depend upon the 
nature of the concrete and the number of applications. A similar 
effect may be expected in concrete by reason of its plastic nature 
when a load is applied for a considerable length of time (time 
effect), but little is known of this phenomenon. 

It is noticeable that the values of the initial modulus of elast- 
icity for the two series herein given agree fairly closely, an aver- 
age of 2,250,000 lb. per sq. in. for 1-2-4 limestone concrete 60 
days old tested at the University of Illinois, and an average of 
2,500,000 lb. per sq. in. for 1-2-4 pebble concrete 105 days old 
tested at Watertown Arsenal. These values are based upon gross 
deformations and, in the main, first loading of the specimen. The 
combined effect of age and even moderate repetition, if the dis- 
cussion in the previous paragraph holds, may be a modulus some- 
what smaller than that given by these tests. What this modulus 
will become cannot be told without adequate tests. However, for 
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1-2-4 concrete of the quality used in the University of Illinois and 
the Watertown Arsenal columns (limestone in one, pebbles in the 
other), the initial modulus of elasticity at the age of a year and 
after a moderate number of applications of the load seems more 
likely to be below 2,500,000 lb. per sq. in. than above it. Further 
data on the effect of age of concrete and repetition of load upon 
modulus of elasticity are necessary before definite conclusions may 
be reached. 

It should be noted that if a straight-line stress-deformation 
relation is to be used, particularly in the case of columns, the 
value chosen should be considerably less than that of the initial 
modulus of elasticity. 

24. Discussion of Basis for Working Stresses and Working Factor 
in Structures.—The real basis for a working stress or a factor of 
safety to be used in designing seems not to be generally under- 
stood, or at least it is not often propérly explained, and expres- 
sions sometimes heard indicate that the purpose and use of factor 
of safety and working stress are misinterpreted. Of course, no 
engineer will say that for a factor of safety of, say, four (using 
the term factor of safety as based upon the ultimate strengtb of 
the material) the structure will take four times the assumed load 
without injury. It is understood by engineers that the actual ratio 
of the load which the structure may properly take under the ordi- 
nary conditions of construction to the assumed load used in the 
calculations made in the design is not large and may, under some 
circumstances, not be very much above one. Yet the statement 
is sometimes made, or the inference may be drawn, that because 
a given working stress is to be used in the calculations there is no 
advantage in looking into the behavior of the material or the ac- _ 
tion of the structure at a stress higher than the assumed working 
stress. Before discussing further the meaning of the tests here 
recorded, it may be well to consider some of the aspects of work- 
ing stresses and factors of safety. 

Mild steel has a rather definite elastic limit and yield point 
beyond which the character of its action changes in a marked 
way. Beyond the yield point the rate of stretch in tension be- 
comes almost at once one hundred or more times as much as it 
was within the elastic limit. In compression. the ultimate strength 
of mild steel is not far beyond its elastic limit.. It is evident that 
a structure made up of this material will distort and fail when a 
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load producing stresses not much greater than the elastic limit is 
placed upon it. The elastic limit of mild steel has a small range, 
its value running from 50% to 65% of the ultimate strength, de- 
pending upon the size of the piece, method of rolling, etc., and 
the steel is made under such conditions that little risk is taken in 
choosing a value for a particular size and shape of piece. The 
modulus of elasticity of steel is also quite uniform. It may be said 
then, that the properties of this material, with proper inspection, | 
are fairly definitely known. When we base the factor of safety of 
a structure upon ultimate strength of mild steel, whether we do it 
consciously or unconsciously we have tacitly assumed that the 
factor of safety named in the calculations is nearly double the 
factor which will bring actual failure under the conditions assumed 
to exist in the structure. 

For a plastic material, or a material not having a definite 
elastic limit, or at any rate one for which the stress varies direct- 
ly as the deformation for at best only a small part of the ultimate 
strength of the material, a different consideration must be given. 
For such materials, the effect of lack of uniformity of the mater- 
ial, the effect of increased deformation, of repetitive loading, of 
time, and of other factors must be considered. 

But there are other considerations which go to confine the 
working stress, particularly in concrete, to the low value usually 
assumed. Sometimes the stress is made low to allow for a pos- 
sibly greater load than that assumed, or for a load applied other 
than statically. Even if the assumed load has the correct total 
amount, the following items may be said to influence the choice of 
a lower working stress: (1) Uneven distribution of load among 
members; (2) Unconsidered stresses due to settling, variability of 
the material, etc.; and (8) Variation in the material and in its 
fabrication. : 

(1) Even with a load of the amount assumed, the division of 
this load among the members of the structure may be uneven. 
Variations in stiffness, differences in quality of adjacent mem- 
bers due to inherent variations or to the variations which arise 
in such a material as concrete during fabrication and setting, 
differences due to restraint or lack of restraint at connections,— 
all go to make the actual distribution of the load different from 
its assumed division among the members. In a timber trestle 
bridge, the weaker stringer is generally less stiff than its stronger 
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neighbor, and hence the poor stringer takes a smaller share of 
the load and the good one a greater. Even in steel building con- 
struction, differences in rigidity of connections, modifications made 
to overcome lack of exact fit, and variations caused by field rivet- 
ing act to modify the division of the load. In concrete construc- 
tion the variations in fabrication and conditions of setting (e. g., 
in the beams and girders) and the consequent variable effect 
on stiffness and restraint may have a considerable effect upon 
the division of the load. This is especially true in the floor, 
beams, and girders, so that the load transmitted to a particular col- 
umn may be quite different from that assumed. 

(2) Settling of the fotindation of one column more than of 
another is possible. A variation in the shrinkage of adjacent 
columns through variation in conditions attending fabrication or 
to a less extent in porosity or stiffness of column will modify the 
distribution of the load. Variations in size also affect this distri- 
bution. The more nearly uniform the dimensions and physical 
properties, the more nearly regular the division of load will be 
and the higher the allowable comparative working stress. In this 
respect, steel is an advantageous building material. 

(3) The values of physical properties usually quoted are 
average values. The data were obtained from test pieces, some- 
times large, frequently small, and these may be said to have 
been made and tested under favorable conditions. Since the 
members‘of a structure which have the poorest quality may have 
a controlling influence upon the amount of load to be carried, if 
average values are used the factor must be greater to allow for this. 
In other words, in poorly made beams or columns the load or - 
stress which comes on the piece is relatively nearer the point of 
failure than is indicated by the use of the assumed working stress 
and an average ultimate value. 

Enough has been said to show that the assumed stresses are 
not the actual stresses coming upon the members of a structure 
and that the relation between the assumed working stress and the 
average ultimate strength of the material is a matter which should 
involve thought and study. It may then be stated that (a) the 
stress actually brought upon a member of a structure by an as- 
sumed loading may be materially higher than the assumed work- 
ing stress, and (b) the stress actually developed in a member may 
be much higher comparatively (i. e., with respect to its own ulti- 
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mate strength) than even this increased amount would indicate. 
This goes to show that the nature of the action of the material, 
including its stress-deformation relation, should be studied at 
points well above the assumed working stress. What point 
should be fixed upon as a basic point, upon which a working fac- 
tor covering uneven distribution of load, uncertainty of quality, 
effect of repetitive loading, etc., may be based, will depend upon 
the nature of the material and the conditions of the structure. 
Some discussion of this subject will be given under Formulas for 
Plain and Reinforced Concrete Columns. No attempt will be 
made here to discuss what the working factor should be. Its 
value will depend upon many conditions which it will be impossi- 
ble to discuss here. 

25. Formulas for Plain and Reinforced Ooncrete Columns.—It 
seems hardly necessary to advance the idea here that for concrete 
columns used in ordinary building construction little attention 
need be given to the relation between length and lateral dimen- 
sions after a length of a few diameters has been reached. Text 
books on reinforced concrete contain long and complicated treat- 
ments involving Euler’s relation and Rankine’s formula. How- 
ever, columns in buildings do not ordinarily go beyond, say, 12 or 
15 diameters, and the ratio is usually much less, especially for the 
lower stories. Even for 15 diameters we may readily conclude 
from the calculated results of long column formulas and also from 
the small lateral deformation found in the columns tested that the 
difference in strength between a column 15 diameters long and 
one 5 diameters long is less than the variation among several col- 
umns of the same length. The same conclusion may be drawn 
from the sei of tests of columns of varying length made at the 
Massachusetts Institute of Technology and quoted in Buel and 
Hill’s Reinforced Concrete, page 76. For columns eccentrically 
loaded, the effect of any eccentricity is generally large in com- 
parison with the lateral deflection used in the Kuler analysis, and 
it may be said to be generally independent of the length of the 
column. Clearly, for conditions of ordinary design a formula for 
plain columns or for columns reinforced with longitudinal rods 
need not include the ratio of length to lateral dimension. In this 
discussion only concentric loading of columns is considered. 

Obviously then, the formula for plain concrete columns is 
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where P is the load assumed to be carried, A is the area of the 
column considered (in practice, part of the area at the outside, 
sometimes being excluded as a precaution in case of fire) and c is 
the working stress assumed or determined by other considerations. 

In columns with longitudinal reinforcement, if we use P, 4A, 
and ¢ as before, and denote by p the ratio which the area of the 


_ ‘column bears to the area of the(steel reinforcement,)and by n the 


ratio between the stress existing in the steel and that in the con- 
crete, the area of the steel will be pA, the unit-stress in the steel 
will be nc, and the area of the concrete will be A(1—p). The to- 
tal compressive stress in the steel will then be pAncand that in 
the concrete Ac(i—p). The formula for the strength of the col- 
umn may then be written 

Se PACA =1))) sa eee) 
This ratio is used rather than the ratio of the moduli of elastici- 
ty, since the latter may be misleading. If we call the area of the 
steel 4/ this formula may be put in the form, 

P=(A+A’(n—1) Je mie) ee a ere . (5) 

It will be necessary to eelece hie value to he used for n in these 
formulas, and this will involve a discussion of the part of the 
stress-deformation field from which the basic value of the com- 
pressive strength used in the determination of the working 
strength is to be taken. 

Granting that the actual stress in the member of a structure 
will probably be considerably greater than the stress calculated 
from the assumed distribution of the load, by reason of such 
agencies as have been discussed, and also that for members which 
are weaker than their neighbors the stress-deformation point de- 
veloped will be relatively nearer the point of failure and hence 
farther up the diagram than the same stress will be in the dia- 
gram for an average test piece, and considering further that an 
additional allowance must be made for contingencies or emer- 
gencies, it is apparent that the field for this basic value of the 
compressive strength will be well along on the stress-deformation 


diagram. Obviously the extreme variability of concrete near the 


point of failure rules out values near the ultimate strength, even 
if other considerations do not. In all the field near the point of 
failure, too, the deformations are large, and repetition of loading 
increases them rapidly. The time effect of a permanent load is 
also large. It would seem that a stress greater than that which 
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gives a deformation equal to one-half of the ultimate deformation 
of the concrete, (g==%), is as large as may properly be taken as a 
basic value, even if the contingency of ever having such a stress in 
the member is very remote and then only temporary and not to be 
repeated. Thestress corresponding to this deformation point is by 
the parabolic relation three-fourths of the ultimate strength of 
the concrete. 'This is not far from the basis adopted by Captain 
Sewell, eight-tenths of the ultimate strength, in his admirable 
paper on Reinforced Concrete Floor Systems inthe Transactions 
of the American Society of Civil Engineers, Vol. 56. For many 
conditions of fabrication or of application of the load, a lower 
point in the diagram should be chosen, or the factor of safety 
increased. If: we select the half-way point in the stress-deform- 
ation diagram (q=—=+ and cc’ ), for the basic value, the next step 
will be to choose the working factor, to cover the effect of rep- 
etition of stress, uncertainty of distribution of assumed load, 
variation in quality of material and construction, and other uncer- 
tainties and contingencies. It should be noted that this discus- 
sion is more particularly applicable to columns, since in beams 
with the amount of reinforcement ordinarily used the beam will 
fail through tension in the steel or by web stresses and not by 
compression of the concrete. 

In the formula for reinforced concrete columns an important 
factor is the ratio of the stress in the steel to the stress in the 
concrete, called m in this discussion. This ratio is a variable one, 
depending upon the amount of deformation developed. To call it 
the ratio of the moduli of elasticity is indefinite and undesirable. 
If we assume the parabolic stress-deformation relation, it may be 
shown that this ratio is 


Se 3 ge. 

where E£; is the modulus of elasticity of the steel, Z. is the initial 
modulus of elasticity of the concrete, and q is the ratio of the de- 
formation at the load under consideration to the ultimate de- 
formation (vertex of the parabola). For low loads, n will not dif- 
fer far from the ratio of the two moduli used above. At the four 
points noted on the stress-deformation diagrams it will be as fol- 
lows: for g =}, 14 times the initial ratio given above; for ¢ ee 
£ times the initial ratio; for q—= 4, + times the initial ratio; and for 


1 
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g—1, 2 times the initial ratio. For £. == 2,500,000, the initial 
value of n is 12, and it becomes 16 and 24 for the half-way deform- 
ation and the ultimate strength, respectively. For #.—  2,000,- 
000, the values of n for the same points are 15, 20, and 30. It is 
seen that n rapidly increases at the higher deformations. 

Values of n have been determined from the observed deform- 
ations, counting the division of stress between the concrete and 
the steel to be according to the analysis heretofore given, and re- 
sults for both the University of Illinois tests and the Watertown 
Arsenal dataare givenin Table 12. « represents the unit deform- 
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ation at the point of maximum stress in the concrete (corre- 
sponding to abscissa of vertex of parabola). The same values are 
given in Fig. 12, the dots representing University of Illinois re- 
sults and the crosses Watertown- Arsenal values. The lines de- 
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note average values. In both Table 12 and Fig. 12, the value at 
the initial loading (g==0) is taken from the ratio for the initial 
modulus of elasticity for the column under consideration. It will 
be seen that the values range from 11.7 in one case for initial load 
to 84 in another at ultimate load. 

If we assume that a concrete stronger than the average has a 
modulus of elasticity higher than the average, and that a weaker 
concrete has a smaller modulus, then the selection of a value of 
higher than the average for use in design may be defended, for if 
a given column is made of concrete poorer than the average the 
steel by virtue of the low modulus of elasticity of the concrete in 
which it is embedded will have a greater stress thrown upon it 
than is indicated by an average value of n, and a column made 
better than the average will be capable of taking a greater load 
than that calculated with an average value of n. At least, it 
would seem logical to choose a value higher than the average 


Proporsiorrate Leforrnatlor 
N 


Pronortiot1are STLESS 


Rie. 12. VALUES OF DN. 


value rather than a lower value. 

If we take the half-way deformation (¢==2) as the point for 
determining our basic value for working factor and working stress, 
the average values of n in Table 12, 18.4 and 17.1, respectively, 
may serve as a guide for the value to be chosen for equation (4). 
For concrete of the character used in the tests, it would seem 
then, that 17 and 18 may be considered average values for n, and. 
that values even higher than these, say, 18 to 21, may properly 
be selected. 
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It may be added that the value of to be used fora given 
concrete will depend upon its density and stiffness. For a very 
rich concrete, not only will the initial modulus of elasticity be 
higher, but the deformation at maximum strength (abscissa of 
vertex of parabola) will be less. As a consequence of both of 
these changes the ratio n will be less for very rich concrete than 
for the test columns here considered. On the contrary, for lean 
concrete, the initial modulus of elasticity will be lower and the 
deformation at maximum stress higher, and therefore the ratio n 
will be higher than the values here given. 

26. Discussion of Columns in Building Construction—It may be - 
well to call attention to some of the reasons why columns may be 
a weak point in reinforced concrete construction amd to offer a 
word of caution concerning their construction. The conditions of 
column construction as ordinarily carried on in building operations 
give little chance for efficient inspection, and there is abundant 
opportunity for great variation in the concrete, since the work is 
out of sight and the mixture of the material and the tamping or 
stirring will be far from uniform, much less uniform than in the 
test columns herein described. Even in test columns the poorer 
columns carried low ultimate loads. If, in addition to these con- 
siderations, the possible uneven distribution of the assumed load 
due to settlement, shrinkage, and uneven stiffness of the floor sys- 
tem be also taken into account, the need for using low working 
stresses and careful construction ought to beapparent. Evidently 
a fairly rich concrete made of a high grade of cement should be 
used. It is not improbable that in many buildings the working 
stresses used are too high for the concrete actually put into the 
columns. Besides, it must always be borne in mind that the ~ 
strength obtained from test cubes may not be taken as represent- 
ing the strength ofa column. It is probable that many engineers 
have been misled by high values obtained on test cubes. Again, 
great caution should be used in the time allowance for removing 
the forms, particularly in cool weather, for the concrete in the 
olumns should be fairly well set before much of a load is allowed 
on it. A method of construction should be selected which will 
not bring weight upon the columns until the forms are removed, 
and the concrete is thoroughly set. It is fortunate that the con- 
crete continues to gain in strength for a considerable time, although 
this advantage is counteracted in a structure to some extent by the 
injury to the concrete caused by early application of the load. 
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Both plain and reinforced concrete columns take up consider- 
able room, particularly on the lower floors of a building. A 
richer concrete will permit a reduction in the area occupied. The 
large size of the columns makes the effect of eccentricity of load- 
ing smaller than it would be otherwise. Columns of hooped con- 
crete have been used as a means of reducing the cross section. It 
is hoped that the investigation of hooped columns now in pro- 
gress at the University of Illinois will throw some light on this 
allied subject. 

27. Swmmary.—Parts of this discussion may be summarized 
as follows: B 

1. In discussions involving the strength and stiffness of con- 
crete, the variability of the concrete must be taken into consider- 
ation. ‘Test columns made with care to secure uniformity of con- 
ditions show considerable diversity in quality. An even greater 
variation in character must be expected under the conditions of 
ordinary building construction. 

2. Cubes and other small test specimens are made under 
conditions which give a stronger and denser concrete than is gen- 
erally found in full-sized pieces in building work. The restrain- 
ing effect of the bearing plates of the testing machine also influ- 
ences the results of cube tests. It is evident that the test pieces 
used in many tests recorded in engineering publications were 
made with a quality of materials, methods of fabrication, and con- 
ditions of setting which are far more favorable to high results 
than will be found under average conditions of construction. Cau- 
tion should therefore be used in accepting as a basis for design 
values obtained from tests without knowing fully all the conditions 
accompanying the investigation. 

3. The relative amount of load taken by the concrete and by 
the steel, in columns with longitudinal reinforcement, may be de- 
termined by means of the observed relation between loads and 
deformations under the assumption that the stress in the steel re- 
inforcement is proportional to the deformation in the column. It 
is assumed that the bond between the stee] and the concrete is 
adequate. This method forms an efficient means for discussing 
the relative stresses in steel and concrete. 

4. By the method of analysis used, the average maximum 
stress in the concrete for the reinforced columns tested is found 
to be 15% less than the average forthe plain concrete columns. 
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While this may not be taken as a finalor representative conclu- 
sion, since it may be merely incidental to the columns used or the 
method of testing, it is at least an added reason for caution in 
choosing working stresses for this form of construction. The 
average total load taken by the reinforced columns, it should be 
understood, was considerably higher than the average for the 
unreinforced columns. 

5. The plotted diagrams representing the loads or stresses 
in the columns and the corresponding deformations or shorten- 
ings, (stress-deformation diagrams), show a variable relation 
which is well expressed by the parabola. The tangent to the 
parabola at the point of zero load represents by its slope the in- 
itial modulus of elasticity of the concrete, and forms a convenient 
basis for an expression for the variable relation between stress 
and deformation. It should not be inferred that this relation is 
generally applicable to very rich or very lean concrete. The 
‘‘Line for steel” in the diagrams for reinforced columns is helpful 
in determining the stress taken by the concrete and by the steel. 

6. Gross (total) deformations and not net (elastic) deform- 

ations are used, since in the application of the stress-deformation 
relation to columns and beams gross deformations will, under the 
hypotheses ordinarily accepted, enable the stress in the steel to 
be determined, and net values will not. 

7. The fact that during the operation of releasing a load the 
stress-deformation diagram does not follow the parabola but takes 
a course which approximates a straight line, is not a valid reason 
for not accepting the parabolic relation in the analysis of beam 
and column action. When a beam has been loaded up to a given 
load, the area of the part of a section above the neutral axis is in 
compression, and no point of this section has been strained beyond 
the amount then developed at that point, each point having the 
highest stress which hascome upon it. The effect of repeating a 
load on a beam in progressively increasing amounts is to increase 
all the deformations in the section, but the resulting curve will 
still resemble the parabola, and the resulting initial modulus of 

-elasticity will have a smaller value than that found for the first 
application of loads. 

8. The Watertown Arsenal tests of columns of compo- 
sition similar to the University of Illinois columns are comparable 
in strength and stiffness and in the form of stress-deformation 
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diagram and tend to confirm the results and conclusions of the 
University of Illinois tests. The average maximum: com- 
pressive stress taken by the concrete in the Watertown Arsenal 
columns was 1590 lb. per sq. in. In the University of Illinois col- 
umns it was 1550 lb. per sq. in. for the plain columns and 1290 lb. 
per sq. in. for the reinforced columns. 

9. The average value of the initial modulus of elasticity given 
for the University of Illinois columns, 2,250,000 lb. per sq. in., 
and that for the Watertown Arsenal columns, 2,500,000 lb. per 
- sg. in., may be considered tentative values for 1-2-4 concrete of the 
kind described for use at an age of 60 to 105 days and first appli- 
cation of load. Age will increase the modulus and repetition de- 
crease it. What the combined effect of these two agencies will 
be is not known, but it will vary with the conditions of materials 
and number of repetitions and also with the age at which loads 
are first applied. Whena constant modulus of elasticity (straight- 
line relation) is used, the value chosen should be less than that 
for the initial modulus here given. The high values of modulus 
of elasticity frequently quoted are doubtless due to shortness of 
length of test piece, high quality in the test pieces used, use of 
elastic deformation, etc. The quality of the aggregate, as well 
as of the cement used in making test pieces, may not always be 
representative of that used in building operations. 

10. The proper basis for working factor and working stress 
for use in designing with any given material and form of con- 
struction is of much more importance than is usually given to it. 
The conditions of loading, of transmission and distribution of load, 
of variation in fabrication and construction, all act to make the 
stress actually developed in a member of a structure greater than 
the assumed working stress. For steel the real basic point is the 
elastic limit or yield point. For concrete this basic point may 
well be considerably below its ultimate strength. The choice of 
a value corresponding to a deformation equal to one-half of the 
deformation at point of failure is suggested. This, by the para- 
bolic relation, is equal to three-fourths of the ultimate strength. 
Having selected a basic point, a working factor to obtain the 
working stress will then be chosen to cover contingencies and 
emergencies and the variations in distribution of load, quality of 
materials, method of fabrication, nature of load and its manner 
of application, etc. The range in the values for the working fac- 
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tor which may be used under the various conditions of repetition 
of load, workmanship and material, is of course much greater 
with concrete than will be necessary with such a material as mild 
steel. 

11. The ratio between the amount of stress taken by the steel 
and that taken by the concrete in columns reinforced with longi- 
tudinal rods varies as the load is increased, as may be expected 
from the variable stress-deformation relation of the concrete. In 
these tests this ratio varied from 12 at the initial application of 
the load in one column to 34 at the maximum strength of the con- 
crete in another. For the average initial modulus of elasticity of 
the concrete, the rangeis from 13% at the zero load to 26% at the 
ultimate. For very rich concrete the effect of the additional stiff- 
ness andthe lower final deformation is to decrease the ratio n, 
and for lean concrete the smaller modulus and greater final defor- 
mation will make it larger. 

12. If we choose the half-way deformation for our basic 
point, the value for the ratio of stress in steel to stress in concrete 
may, from the two sets of experiments, be taken as 17 to 18 for 
1-2-4 concrete of the quality used in the tests. However, this 
ratio may properly be taken to be even higher than an average 
value, since for columns weaker than the average column the ratio 
may be expected to be higher than the average value and hence 
to fit the conditions of such columns better, while for columns 
stronger than the average the added strength of the concrete 
will go to make up for the overestimated stress in the steel. For 
this assumption, 18 to 21 may be used. 

13. Under the conditions of building construction, columns 
may form a weak element in the structure. To overcome this, the © 
working stresses should be kept low and every precaution taken 
to secure proper materials, workmanlike fabrication, and efficient 
inspection. 
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